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1. Introduction

In our Solar System thousands of asteroids and
comets are orbiting around the Sun. Some of
them may have a trajectory which could inter-
cept Earth orbit, bringing to a collision. This
are called Near Earth Objects.

For this reason space agencies have planned
Planetary Defence programs. NASA, during the
2023 Planetary Defence Conference, proposed a
fictitious asteroid (called 2023 PDC) to simulate
an emergency response.

The aim of the thesis is to determine which as-
teroid deflection strategies can be used to deflect
the asteroid and avoid collision with the Earth.
First of all the deflection strategies are discussed,
mathematically modelled and then compared in
terms of Awv given to the asteroid.

A genetic algorithm multiobjective optimisation
is then performed on four selected strategies in
order to compute precisely the maximum deflec-
tion that can be obtained and also which strate-
gies guarantee the minimum PoC (Probability of
Collision) with the Earth. The conclusion of this
optimisation process is that, in addition to Nu-
clear Explosion considered by NASA | also Multi-
ple Kinetic Impactor, Multiple Gravity Tractor
and Laser Ablation can be used to completely
deviate the trajectory of asteroid 2023 PDC.

2. Asteroid deflection strategies

The deflection strategies are divided into im-
pulsive deflections, mainly kinetic impactor and
nuclear explosion, and slow push deflection [6].

2.1. Impulsive deflection strategies

Impulsive deflection means that the deflection
action is instantaneous.

The kinetic impactor strategy is the simplest one
since it consists in an impact with the target as-
teroid through a massive projectile at a high rel-
ative speed. The variation of velocity depends
indeed on the relative velocity between space-
craft and asteroid, on the masses and on the mo-
mentum enhancement factor 3, introduced be-
cause in reality the collision is not inelastic.
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where 8 is the momentum enhancement factor,
mg. and M, are respectively the mass of the
spacecraft and the mass of the asteroid and Av,,
is the final relative velocity between them. In
the nuclear standoff explosion a nuclear warhead
explodes at a certain optimal distance from the
surface and deflects the asteroid through the de-
bris which hits the surface and through radia-



tions: X-rays, neutrons and 7-rays [10]:

Avpye = AVgepris + AUX—rays+ (2)
AvVpeutrons + AU'y—rays

where Avgepris 1S the asteroid velocity variation

given by the debris, Avyx_;qys; AUneutrons and

Avy_rqys are respectively the velocity variation

given by X-rays, neutrons and ~y-rays.

2.2. Slow push deflection strategies

If the action is continuous in time then the strat-
egy is considered a slow push deflection.

In literature many different strategies have been
proposed.

The starting point is the simplest slow push
strategy, which is the Gravity Tractor [5]. The
deflection is obtained exploiting the gravita-
tional attraction between asteroid and space-
craft, which hovers around the object. The ac-
celeration acting on the asteroid is [5]:

Gm(t)

acr(t) = =5 3)

where d is the hovering distance and m is the
mass of the satellite, which decreases in time
since propellant is consumed.

This deflection can be augmented through an
in situ mass collection (Enhanced Gravity Trac-
tor), or exploiting the electrostatic and magnetic
force.

The mass driver strategy is simply based on
Newton’s third law of dynamics, so for every ac-
tion it corresponds an equal and opposite reac-
tion. In this case the idea is to remove material
from the asteroid and to eject it, in this way a
force in the opposite direction is generated on
the asteroid: momentum is conserved. The ve-
locity variation obtained is [8]:
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Where m,,,q¢ is the mass of the material removed
and v, is the ejection velocity.

The Ion Beam Shepherd (IBS) consists in point-
ing an high velocity ion beam, produced by an
ion thruster on board of a shepherd spacecraft,
towards the asteroid and in this way modify its
orbit.

The concept of Asteroid Tugboat consists in
deflecting the NEO by docking with it for a
long period of time and push (or pull) with the

AUMD = Maunches

thrusters in the correct direction to modify the
trajectory and avoid the collision with Earth
[10].

The Solar Collector strategy makes use of a col-
lector which focuses sunlight on the asteroid sur-
face to ablate the material. The escaping gas
and particles produce a continuous thrust which
changes the trajectory of the asteroid.

The same concept is exploited by the Laser Ab-
lation strategy, which in literature substituted
the Solar Collector one, since it is less sensitive
to degradation problems [12]. In this case the
laser plays the role of the collector: it focuses
the beam on the surface of the asteroid to gen-
erate sublimation. The force obtained depends
on the mass flow rate of the sublimated material
m:

Foup = \om (5)
where A is the scatter factor and U is the average
velocity of the ejecta gas particles. Then the
velocity variation is obtained by integration:

tr Fsub(t)
t; Mast(t)

Avjgs = dt (6)

Another possible slow push strategy exploits the
Yarkovsky effect, which is a non gravitational
force caused by thermal radiation from a body
which have non uniform surface temperatures.
If the albedo or the thermal conductivity of the
asteroid is modified, the effect can be enhanced.
Lastly the tether-ballast system is considered:
it involves the use of a long tether and a ballast
mass attached to the NEO (Near-Earth Object).
The trajectory is modified by a immediate cen-
ter of mass offset after the attachment of the
ballast mass, so also the orbit changes, and by
the tether tension that adds a perturbing force
which affects the trajectory.

3. Comparison between strate-
gies

In order to compare the strategies the velocity
variations are computed considering as a target
asteroid 2023 PDC (dimension and mass con-
sidered are the median values). The numerical
results are shown in fig. 1.

Concerning the impulsive strategies, the kinetic
impactor is the only flight proven technology
(DART mission). So the Technology Readiness
Level (TRL) is very high. Anyway the problem



is that it is strongly affected by the uncertain-
ties in the asteroid composition, which defines
the coefficient .

So, while the kinetic impactor technique can be
very useful for small asteroids, a nuclear explo-
sion is more effective for larger ones. Standoff
nuclear explosion carries the highest energy den-
sity among all the deviation methods and it is
less sensitive to possible uncertainties in the as-
teroid composition and surface morphology. On
the contrary more critical studies are needed to
verify the safety, more than in other mission,
because in case of a failure during the launch a
huge quantity of radioactive materials would be
released in the atmosphere.

As far as the slow push methods are concerned,
the problem of accidentally destroy the asteroid
is no more present, but other issues arise, spe-
cific for each strategy.

Starting from the Gravity Tractor, the main ad-
vantages of this technique are that it is a con-
tactless deflection and it is insensitive to struc-
ture, composition and rotation of the NEA. The
main disadvantage is the very long warning time
needed for the deflection, otherwise the Av pro-
vided is not enough.

A variation of the gravity tractor is the En-
hanced Gravity Tractor (EGT), which consid-
ers to collect mass in loco to augment the mass
of the spacecraft. In this case the deflection is
augmented, but the TRL is very low since the
mission complexity is higher than the standard
GT.

Both the electrostatic and the magnetic trac-
tor augment the gravitational effect, but they
generate other issues: in the first case both the
spacecraft and the asteroid must be charged (low
TRL), while in the second case a magnet has
to be attached to the asteroid, so a correct and
strong attachment system has to be designed.
With the Mass Driver strategy a controlled ap-
plication of perturbing force is obtained and it
provides more impulse with respect to the trac-
tor strategies (see fig. 1). On the other hand, as
explained before for the Enhanced Gravity Trac-
tor, the TRL is low.

With the Ion Beam Shepherd strategy the de-
flection is performed in a precise manner and
can be accurately predicted, it is a contactless
deflection and the force generated depends on
the power and propulsion subsystem not on the

mass. The Av produced with IBS is a little bit
higher than the one obtained with GT, but the
mission complexity is higher.

Asteroid Tugboat is a conceptually simple strat-
egy, but there are some problems to be consid-
ered: the first one is the rotation of the asteroid
(the thruster is no more able to provide a con-
stant pointing), a second issue is the need of a
strong attachment system and the third problem
is the creation of a transient atmosphere made
of dust around the spacecraft.

The Solar Collector strategy is strictly con-
nected to the Laser Ablation strategy, both of
them exploit the sublimation of the asteroid sur-
face. With the solar collector technology the
energy is theoretically unlimited, but the life-
time of the collector is very short because of
plume influence and degradation of solar cells,
radiators and insulation. The advantages of the
Laser Ablation technique are that there is no
need of phisycally land or attach a system to
the surface of the NEA and the required space-
craft mass for the deflection is lower with respect
to other strategies. It provides the highest Av
with respect to all the other slow push strate-
gies. Problems also in this case are caused by
optical degradation.

The deflection exploiting Yarkovsky effect is un-
feasible, in particular for very large asteroid,
since the mass of dirt needed to cover the sur-
face to change the albedo would be hundreds of
tons.

The tether-ballast system is useful only for small
asteroids since for bigger ones the mass of the
ballast would be too high, increasing the com-
plexity of the mission.

4. Strategy selection for optimi-
sation

The strategies selected for the optimisation
technique are four: Kinetic Impactor, Nuclear
Standoff explosion, Gravity Tractor and Laser
Ablation.

In the work of Sanchez et Al. [10] a multicrite-
ria comparison has been already performed, but
they considered solar collector instead of laser
ablation strategy.

The Kinetic Impactor strategy has been selected
because of its high TRL level and because it
is conceptually very simple, there’s no need of
landing and attaching to the asteroid.
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Figure 1: Comparison between all the strategies, Mag = 5 - 101 kg, dgst = 1100 m

The Nuclear Standoff Explosion has been cho-
sen mainly because it is the most effective tech-
nique, so considering the same mass, it produces
the highest values of deflection with respect to
all the other strategies.

The Gravity Tractor strategy is considered be-
cause of its relatively simple mission design and
because it is not sensitive to the asteroid com-
position (low uncertainties). In addition there is
the possibility to use Multiple Gravity Tractor
displaced in an artificial Halo orbit, such that
the deviation achieved increases [13].

The laser ablation technology is chosen for the
optimisation process because it is able to pro-
vide the highest Av with respect to all the other
slow push technologies, even if in this case the
TRL is very low.

5. Trajectory to the asteroid

For the Kinetic Impactor strategy the trajectory
chosen to reach the asteroid consists in a Deep
Space Manoeuvre (DSM) and a Lambert trans-
fer [1] [2]. So the spacecraft is placed into an
orbit around the Sun by the launcher, than at a
certain time a DSM is performed, using on board
chemical thrusters, in order to reach the correct
velocity to place the spacecraft into a Lambert
arc and so reach the correct final position (which
is the asteroid position).

For the Nuclear explosion strategy instead a di-
rect launch to the asteroid is used, since in this
case it is maximised the mass for the payload
and there’s no need to maximise the final rela-
tive velocity between spacecraft and asteroid.
For the slow-push technologies instead a low
thrust trajectory has been implemented. In or-
der to reduce the computational cost the trajec-
tory is shape-base, which means that the posi-
tion of the satellite is defined as a function of the
initial and final orbital elements. Fourier series
are used for the shaping functions, following the
work of Zeng [14].

6. Asteroid deflection problem

As done by Colombo and Vasile in [11], the
variation of the position at MOID 7 (¢tp01p) is
linked to the velocity variation §9 (at the devi-
ation time) through a transition matrix T, con-
sidering the vector of the orbital parameter vari-
ation 00 (tgey)-

07(tarorp) = Anorpdd(tiey) =
AMOIDGdevég(tdev) = Tég(tdev)

This relation directly links the perturbation ap-
plied at the deviation time to the displacement
at MOID. The matrix Aprorp and Gge, are 6x3
and can be computed starting from the Gauss’
equations and the proximal motion equations.

(7)



Deviation obtained [km]

Strategy
Kinetic Impactor
Multiple Kinetic Impactor (7 s/c)
Nuclear Standoff Explosion

Gravity Tractor
Multiple Gravity Tractor (8 s/c)
Laser Ablation

First case | Second case

Third case

Table 1: Final comparison

The objective is to maximize the deviation at
MOID, so the functional to be maximised is [3]:

Jor = |67t prorp)|| = [|T6T(Laen)|| = ®)
56(tdev)TTTT677(tdev)
Since the hyperbolic trajectory of the asteroid
as it encounters Earth will be very close to a
straight line it is possible to approximate the
pericenter radius of its trajectory with the im-
pact parameter b*.
The functional to be optimised becomes [9]:

Jsp = ||6b*|| = 00" 2" 267 (9)

where the matrix Z is the matrix T transformed
in the B-plane.

In the case of a slow-push strategy the deviation
at MOID is defined as:

5FMOID = Fast,MOID,deviated - Fast,MOID,nominal
(10)

7. Multiobjective optimisation

The four strategies selected in section 4 are op-
timised using a multibjective genetic algorithm
approach.

As in Sanchez et Al. [10], the variables consid-
ered to build the Pareto fronts are, in addition
to deviation at MOID dryorp, the warning
time ¢, = tyorp — to (to is the launch date),
and the initial spacecraft mass mgco [10].

Then the optimal solution, so the one that guar-
antee the highest value of deviation (Maximum
Deflection Mission), is selected from the 3D
Pareto front which combine the three variables
listed before.

It is also considered another type of mission,
which consists in minimizing the collision
probability.

Since uncertainties are still present at Epoch
3, three different dimensions and masses of the
asteroid are considered, as done by NASA in
[7]. The values are selected at a determine
percentile level. The first case considers the 5%
percentile level, the second one 50% percentile
level, the third one the 95% percentile level.

| | 5th% | 50th % | 95th % |

Diametre [m] 290 617 1539

Mass [kg] | 2.6-10'° [ 2.5.10' | 3.8 10!2

Table 2: Asteroid properties at selected per-
centile levels

7.1. Maximum deflection mission

From the 3D Pareto fronts obtained minimizing
the functional J = [—Js, Mg ty] it is selected
the optimal Pareto solution which guarantee the
highest deviation at MOID dryrorp.

7.2. Minimum collision probability
mission

Following Chan’s method [4] [1], it is possible

to derive a solution in a similar way to the one

of the maximum deflection, such that the func-

tional that has to be maximised is:

Jp = 67 Q67 = 66T Q*5b (11)

The matrix Q* depends on the covariance of the
asteroid position (£ ¢) in the B-plane at MOID
and on the statistical correlation between the
two parameters.

1/02 0 —pgc/O’gO’C
Q= 0 0 0 (12)
—pec/ococ 0 1/o¢
From the 3D Pareto fronts obtained minimizing
J = [=Jp Mgcp ty] it is selected the solution



which brings to the maximum value of Jp, so
to the minimum collision probability.

8. Asteroid 2023 PDC deflec-
tion

The required deflection for asteroid 2023 PDC
has been defined by NASA in. If a westward
deflection is performed 23000 km of deviation
are needed to avoid collision, while if the
deflection is eastward 9500 km are enough.

In table 1 it is shown if the strategy is able to
completely deflect the asteroid or not. A red
color is used if it is not possible, in the other
case the box is green.

9. Conclusions

The Kinetic Impactor cannot be used, but a
MKI configuration with 7 launches is useful for
the full deflection in the first case. Instead, Nu-
clear Standoff Explosion can be used in all the
three cases.

The Gravity Tractor strategy, consisting in one
single spacecraft hovering above the asteroid, is
not useful since the mass is too high.

However a Multiple Gravity Tractor has been
proposed. It consists in eight satellites disposed
in two Halo orbits. The strategy can be used
to deflect the asteroid in the first case. Anyway
further studies have to be performed, in partic-
ular on the multiple simultaneous launches.
The Laser Ablation strategy is able to deflect
the asteroid in the first two cases, but when the
mass of the asteroid is very high (102 kg, third
case) the propellant needed for the hovering be-
comes too high and the technology is no more
useful. Also in this case further considerations
must be carried on, especially on the generation
of the laser input power.

The work is limited by the information avail-
able at this Epoch and can be improved once
further data are provided by the reconnaissance
missions, in particular from the rendezvous mis-
sion, on the asteroid size, mass and composition
becomes fundamental in order to fully charac-
terise the asteroid properties and then choose
the best strategy. In addition the mathematical
models of the strategies can be further improved
in order to obtain more precise results.
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